We study the cyclic dynamics of a single polymer tethered to a hard wall in shear flow using Brownian Dynamics, the Lattice Boltzmann Method, and a recent Stochastic Event-Driven Molecular Dynamics (SEDMD) algorithm. We focus on the dynamics of the free end (last bead) of the tethered chain and we examine the cross-correlation function (CCF) and power spectral density 
I. INTRODUCTION
The interaction of polymer molecules with fluid flow has been studied both theoretically 1,2 and experimentally [3] [4] [5] [6] [7] for several decades. The behavior of polymer chains in flow is determined by an intricate interplay between the flow gradients, chain elasticity, thermal fluctuations, and the physical confinement 8, 9 . The dynamics of tethered polymer molecules ("polymer brushes") in shear flow has received considerable attention due to its relevance to diverse important applications, such as colloidal stabilization, surface adhesion, and lubrication 10 .
In contrast to previous work on the collective motion of polymer brushes 10, 11 , Doyle et al. studied the dynamics of a single tethered DNA in uniform shear flow using fluorescence videomicroscopy 12 . Enhanced temporal fluctuations in the chain extension were observed, and were attributed to the coupling of advection in the flow direction and diffusion in the gradient direction. A cyclic dynamics mechanism ( Fig.1) , closely related to the tumbling dynamics of a free polymer molecule in shear flow 7, 13, 14 , was proposed based on results from Brownian dynamics simulations. No peaks were observed in the calculated power spectral density (PSD) of the DNA extension in the flow direction, and the authors therefore suggested that the cyclic dynamics of a tethered chain in shear flow is aperiodic. An important physical question is whether there is a characteristic timescale associated with the cyclic motion that is distinct from the internal relaxation time of the chain.
Several computational studies revisited the problem of a tethered chain in shear flow by looking at different variables relating to both the flow and gradient directions, such as extensions along both flow and gradient directions 15 , polymer orientation angle defined through the gyration tensor 14 , and angle between the wall and the vector joining the tethering point to the center-of-mass of the chain 16 . The cross-correlation functions for such variables exhibit signatures of the proposed cyclic motion in the form of peaks at non-zero delay time.
Because of the particular choice of variables in Ref. [16] , the lack of such peaks at small Weissenberg numbers was attributed to the existence of a critical Weissenberg number; as demonstrated in Ref. [17] , choosing a different sets of variables shows that the signature peaks exist even at small shear rates. In Ref. [16] , the position of the peak in the studied cross-correlation functions was interpreted as a characteristic cycling time, and it was found to be a fraction of the relaxation time of the polymer chain. In Ref. [14] the tumbling motion of a free polymer chain in shear flow was studied experimentally and computationally, and wide peaks were found in the Fourier spectra of the time series of the angle of the chain relative to the flow direction. These peaks were identified as evidence of periodic motion of the tumbling molecule. The characteristic tumbling time (period) was extracted from the position of the peak in the spectrum and was found to be in good agreement with the experimentally-measured tumbling frequency. These finding for a free chain in shear flow inspired similar studies of a tethered chain, and similar observations of periodic motion with a characteristic period about an order of magnitude larger than the relaxation time were reported 14, 15, 18 . In several later studies of the tumbling emotion of a free polymer chain in shear flow, experimental results
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, numerical simulation 13 , and theory 19, 20 all suggest that the intervals between successive tumbling events are exponentially-distributed with a decay constant equal to the relaxation time of the chain. Such an exponential tail implies that the tumbling events occur as a Poisson-like process, which is aperiodic despite the existence of a characteristic timescale (frequency of repetition). If the tumbling events of a free polymer in shear flow is aperiodic, intuitively, adding of a wall to break the symmetry of the motion should leave the dynamics of a tethered chain aperiodic. Different authors use the terms "cyclic" (repetitive) and "periodic" with different meanings, and it is therefore important to give our definitions. Periodicity is the quality of occurring in regular time intervals (periods). Periodic motion has correlation functions that are (possibly damped) oscillatory functions, and spectra that have sharp peaks. Noise (fluctuations) and the associated dissipation will always broaden any peaks that are related to underlying deterministic periodic motion (and consequently, exponentially dampen the oscillations in the real-space correlation functions). As an example, for a rigid spheroid in shear flow, there is indeed periodic motion (Jeffery's orbits) in pure shear flow. Adding fluctuations, when they are small, is expected to preserve that but introduce some broadening of the spectral peaks 21 . In contrast, a cycle usually means a process that eventually returns to its beginning and then repeats itself in the same sequence. The end-to-end tumbling of a single polymer molecule in shear flow provides a relevant example. In this paper we analytically calculate the power spectrum for a tethered dimer in shear flow, and find an exponentially-decaying cross-correlation function that has the relaxation time as the only characteristic timescale. More importantly, this analytical example shows that the power spectrum can exhibit a wide peak at small frequencies without any underlying periodic motion, and that the location of a maximum in the PSD is not necessarily an indication of a new timescale. The analytical results for a tethered dimer are consistent with our numerical observations for longer tethered chains in shear flow. Therefore, our investigations do not confirm the existence of periodic motion with a period distinct from the relaxation time of the chain, as previously suggested in the literature 14, 15, 18 . We apply three different solvent representations to the same problem of a tethered chain in shear flow. The models are an implicit solvent (Brownian Dynamics Specifically, the BD polymer is a worm-like chain representative of semi-flexible DNA, in the LB simulations it is a flexible chain of repulsive spheres, and in the DSMC solvent it is a flexible chain of hard spheres. However, we can access the importance of the details of the chain model, and in particular, of chain elasticity, and thus test the widely used assumption that the dynamics scales with the Weissenberg number Wi =γτ , whereγ is the shear rate and τ the chain relaxation time, independent of the details of the model. For this particular problem of a tethered chain in shear flow, we find good agreement between the different methods.
A general discussion of the wide range of techniques for modeling the hydrodynamics of polymer chains in solution is given in Section II. Further details about the three specific techniques we use in this paper to study the tethered polymer problem are given in Section III. In Section IV we present our results, and finally, in Section V we give some concluding remarks.
II. DISCUSSION OF METHODS FOR HYDRODYNAMICS OF POLYMER SO-

LUTIONS
In this Section we give a brief overview of various methodologies for modeling hydrodynamics of soft matter systems, notably, polymer solutions (see also review by Duenweg and Ladd
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). The various methods for computational hydrodynamics of polymer solutions can be divided in two major categories. The first are purely continuum methods that use constitutive equations for the polymer solution. These models only apply at macroscopic scales, when the number of polymer chains in an elementary fluid flow volume is large, so that statistical averages of the chain conformations can be used as parameters in constitutive models of the time-dependent stress as a function of the strain rate history. The construction of such constitutive models is ad hoc and rather difficult in situations where conformations of the chains couple to an unsteady flow, as, for example, in the problem of turbulent drag reduction. Additionally, such continuum methods do not apply to situations where the dynamics of individual chains are of interest, such as a DNA molecule flowing through a micro-channel or DNA translocation through a pore. The second major category of methods explicitly simulates the motion of each polymer chain using some form of molecular dynamics. The simplest chain model is a dumbbell. Multi-bead representations of the chains are capable of complex chain conformations but require models for the bead-bead interactions. Such details of the polymer model are important for both physical fidelity and computational efficiency. For example, preventing chain-chain crossing can require stiff interactions for excluded volume terms, which in turn can lead to small time steps. There are also two major types of algorithms for dealing with the solvent. One represents the solvent implicitly, and the others use an explicit solvent. An implicit solvent is most efficient computationally, however, it can only be used if the fluid flow in the absence of the polymer is known analytically or can easily be pre-computed numerically (e.g., stationary flow), and if the polymer chains themselves do not alter the background flow.
A. Implicit Solvent: Brownian Dynamics
The most widely used implicit-solvent algorithm is Brownian dynamics
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, described in more detail in Section III A. The method involves solving first-order differential equations of motion for the positions of the beads with additional forces due to the presence of the solvent. These solvent forces can be separated into a deterministic portion, for which a (linear) analytical approximation is used, and a stochastic portion, which is assumed to be white noise. The fluctuation-dissipation theorem is used to set the magnitude of the stochastic forcing. Brownian dynamics relies on several assumptions usually valid in microfluidic applications. The first assumption is that of small Reynolds number laminar (usually stationary) flow adequately described by a linearized Navier-Stokes equation. The second assumption is that hydrodynamic fields develop infinitely quickly relative to the rate at which the polymer conformation changes, so that a quasi-stationary approximation can be used to describe the An important advantage of Brownian dynamics is that it simulates the limit of zero Reynolds number exactly. It can also often exactly account for simple boundary conditions (e.g., flow in an infinite half plane) without resorting to approximations that truncate the flow field to a finite domain, such as the commonly-used periodic boundary conditions. Brownian dynamics is relatively easy to implement, however, complex boundary conditions, such as indentations or bumps on walls, requires care so that analytical approximations to the Oseen tensor that preserve the positive-definiteness of the diffusion tensor 29 . While the computational cost can rise rapidly as the number of beads is increased when direct implementations are used, novel schemes can be used to truncate the long-range hydrodynamic interactions and yield a linear dependence on system size, similarly to the handling of electrostatic interactions in spectral 26 and multipole methods
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.
B. Explicit Solvent: Continuum Methods
In order to capture the bi-directional coupling between the motion of the polymer and the flow around it, it is necessary to explicitly represent the solvent. The first level of approximation is to use a continuum description of the solvent assuming the applicability of the Navier-Stokes (NS) PDEs at small length scales. Typically an incompressible assumption is made, which is appropriate at sufficiently low Mach numbers if acoustic waves are not of interest. Additional approximations such as linearization or an iso-thermal approximation may be appropriate. The time-dependent (unsteady) NS equations can be solved by any of the numerous existing CFD algorithms, including explicit, implicit, or semi-implicit algorithms of varying level of complexity [30] [31] [32] . One of the advantages of the PDE formulation over particle methods is the ability to use powerful adaptive mesh resolution techniques that allow coarsening of the mesh away from the region of interest, here polymer chains. However, the case of complex boundary conditions such as needed, for example, in the handling of moving beads or flow through porous media, presents difficulties. An alternative to solving the Navier-Stokes PDEs is to use the Lattice-Boltzmann (LB) method . The ability to turn fluctuations on or off is an important advantage of continuum-based methods over particle methods.
Coupling with the Polymer Chains
Regardless of what continuum method is employed, it is necessary to couple that method to the MD description of the polymer chains. The simplest and most commonly used coupling scheme is to approximate the beads as points and assume for the solvent-induced force on the polymer beads the Stokes-Langevin form However, these methods are rarely used in polymer simulations due to the complexity when many moving particles are involved, because, the grid size needs to be smaller than the bead size and may need to be adaptively changed when the bead moves. 
D. Coupled Methods
Methods that combine several of the techniques described above into a single concurrently coupled simulation can take advantage of their region of validity. Such a simulation may involve several levels each with a different level of microscopic detail. For example, molecular dynamics with complete atomistic detail and realistic potentials may be used for the polymer chain(s) and nearby solvent. The solvent can then be coarse grained to a mesoscopic particle fluid sufficiently far from any chains. The particle method can then be coupled to an explicit fluctuating hydrodynamic description with a fine grid, for example, LB or a fluctuating NS solver. Finally, the hydro grid can be adaptively coarsened in regions even farther from the chain, and a non-fluctuating continuum solver used. This last macroscopic level can use a different method from the fluctuating hydrodynamics level, for example, it could be an incompressible NS solver. Much remains to be done to enable a truly multiscale simulation capable of bridging from microscopic to macroscopic length and time-scales 46, 47 .
III. SIMULATION METHODS
In this Section we describe in further technical detail the three different techniques we apply to the tethered polymer problem. The majority of the methodology has been previously published so here we only summarize the essential points and cite the relevant works.
A. Brownian Dynamics
Details of the DNA model and Brownian dynamics simulation method that we use can be found in Refs.
22,25
. We discretize a double-stranded DNA molecule into a bead-spring chain 
where R is the vector containing bead positions, R = {r 1 , ..., r N }, U is the unperturbed velocity field at the bead centers, k B is Boltzmann constant, T is absolute temperature, F is the non-hydrodynamic and non-Brownian forces, and
is the diffusion tensor.
The components of ∆W are obtained from a real-valued Gaussian distribution with mean zero and variance dt. In a unbounded space, the hydrodynamic interactions (HI) enter the chain dynamics through the diffusion tensor,
where η is the viscosity of the solvent, a is the bead hydrodynamic radius, I is the unit tensor, δ ij is the Kronecker delta, and Ω is the HI (Stokeslet or Oseen) tensor.
Recent work has provided evidence of hydrodynamic coupling to the wall and experimental validation of the use of point-particle (Stokeslet) hydrodynamic interactions (HI) to describe the motion of Brownian particles near a surface
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. Therefore, it is essential to have wall corrected HI in the simulation to capture the dynamics of a tethered chain correctly.
In a bounded space, like near a solid wall, the HI tensor is modified to,
where to study the motion of a tethered chain.
We further assume that the chain is ideal (no self-excluded volume interactions between different beads). The entropic springs connecting the beads obey a worm-like chain law
where b k is the Kuhn length for DNA and N k,s is the number of Kuhn lengths per spring.
The physical confinement is taken into account through an empirical bead-wall repulsive potential of the form . For each parameter set, the sample size is 30 chains unless otherwise specified. All results are presented for DNA at room temperature in a solvent with a viscosity of 1 cP .
To study the dynamics of a tethered chain, beads are labeled from 1 to N b + 1, starting from the tethered point, as illustrated in Fig. 1 . The fluid velocity in the flow direction z is a linear function of distance from the wall in the gradient direction x, v z =γx, wherė γ is the shear rate, and v x = 0 and v y = 0. Following common experimental practice, the longest relaxation time is calculated by allowing a chain that is initially stretched using a large shear rate to relax to equilibrium. Near equilibrium, the relaxation time is determined by an exponential decay fit the chain extension along the stretch direction,
An exponential fit to the autocorrelation of the chain extension (relative to equilibrium) parallel to the wall gives similar results. The relaxation time for our λ-DNA is estimated to be 0.59s at room temperature, which is in good agreement with the experimental result of 0.51s 12 after extrapolating the viscosity to 1 cP .
B. Lattice-Boltzmann
In addition to Brownian Dynamics, we examine the short time correlations of a tethered polymer in a uniform shear flow using a hybrid Lattice Boltzmann (LB) and Molecular Dynamics (MD) code based on the method by Ahlrichs and Dunweg
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. The Lattice Boltzmann method is a mesoscopic approach to fluid flow calculation and is based on a discrete version of the Boltzmann equation with enough detail to recover hydrodynamic behavior. The LB equation describes the evolution of a single-particle distribution function, f i (x, t), which is the mass density of particles moving with velocity e i at a time t and position x on a cubic lattice,
The set of velocities e i is discrete and chosen such that x+e i ∆t always remains a lattice site.
The last term describes the collision process in which the distribution function relaxes to a local equilibrium, for which we utilize the BGK (Bhatnagar-Gross-Krook) approximation to the collision operator,
δ ij , where τ is a relaxation time. The macroscopic hydrodynamic quantities, density ρ, momentum j = ρu, and momentum flux Π, are computed from moments of the particle distribution function,
The equilibrium distribution depends on the macroscopic variables and its form is given by
where the weights w i depend on the particle velocity discretization and are determined by Hard-sphere models of polymer chains have been used in EDMD simulations for some time [56] [57] [58] . These models typically involve, in addition to the usual hard-core exclusion, additional square well interactions to model chain connectivity. Recent studies have used square well attraction to model the effect of solvent quality is the diameter of the beads.
Several particle methods for hydrodynamics have been described in the literature, such as MD
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, dissipative particle dynamics (DPD)
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, and multi-particle collision dynamics (MPCD) 41, 61 . Molecular dynamics is the most accurate model of the fluid structure and dynamics, however, it is very computationally demanding due to the need to integrate equations of motion with small time steps ∆t and calculate interparticle forces at every time step.
The key idea behind DSMC is to replace deterministic interactions between the particles with stochastic momentum exchange (collisions) between nearby particles. The standard DSMC The collision rate Γ c and the pairwise probability distributions are chosen based on kinetic theory.
In SEDMD the polymer chains and the bead-solvent interactions are handled using hardsphere event-driven molecular dynamics (EDMD) The N b = 30 runs were run for about 6000τ 0 relaxation times, and such a run takes about 6 days on a single 2.4GHz Dual-Core AMD Opteron processor. Even for such long runs the statistical errors due to the strong fluctuations in the polymer conformations are large, especially for correlation functions at long time lags t > τ .
IV. RESULTS
The main goal of our paper is to reinvestigate the tethered chain problem through exten- 
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. According to this scenario, when thermal fluctuations cause motion in the gradient direction x (from state 1 to state 2), the chain is driven away from the wall and experiences higher hydrodynamic drag. This leads to further stretching and an increase of the extension in the flow direction z (state 3). Due to the finite extensibility of the chain, the extension in the z direction is finite and depends on the shear rate and chain properties. After stretching, the coupled torque of the hydrodynamic drag and spring forces will rotate the chain towards the wall (state 4). As the chain get closer to the wall, the flow velocity decreases and entropic recoiling becomes dominant, resulting in a decrease of the z extension (state 1). The tethered chain could take other dynamical paths than following the one described above, such as restretching or recoiling after state 2 by random motion in −x and −z direction, respectively.
In Fig. 2 we show the probability distribution function ( direction, which makes the relaxation times τ x (Wi = 0) and τ y (Wi = 0) unequal, as they must be by symmetry. We have scaled τ y (Wi) (the shorter axes) in the LB results by a constant factor so as to correct this strong boundary effect at Wi = 0. Among the three relaxation times, the relaxation in the direction perpendicular to the wall τ z is the shortest, even for no flow. Note than in this work, following Ref. [17] , the relaxation time along the flow direction τ x is used to define the internal relaxation time and thus Wi when comparing among the different methods. Note also that it is τ x that seems to get most strongly reduced as Wi increases.
To study the time scale associated with the fluctuating process (cycle) quantitatively and to find the correlation between different chain segments, we calculated the cross-correlation functions (CCF) of beads' positions. We also calculated the power spectral density (PSD) in search of periodicity. The CCF and PSD are the natural tools for examining the relationship between two time dependent random variables in the time and frequency domain respectively.
The mean-removed CCF of two time series α(t) and β(t) is defined as
is the standard deviation, and T is the time lag. A significant peak in the CCF at lag T indicates that α(t) is correlated to β(t) when delayed by time T . In the frequency domain, the PSD is the norm of the Fourier transform of the CCF,
Note that this is the standard definition used in the engineering literature, and here the frequency ν = 1/T is actual frequency (inverse period) rather than angular frequency ω = 2πν.
To produce a PSD with accurate sampling around interesting frequencies, long simulation times and a high sampling frequency are essential. We The CCF C zx (t) of the end bead at various Wi is shown in Fig. 4(a) . The shape of the CCF is consistent with the cyclic dynamics mechanism proposed by Doyle. Clearly, in the absence of flow, Wi = 0, the movements in the x and z directions are uncorrelated on all time scales. When shear flow is introduced, the movements in flow direction and gradient direction are coupled together due to the nature of the flow and the finite extensibility of the chain, as reflected in the rise of a prominent peak in the CCF. When thermal motion in +x direction occurs, the chain will be stretched with an increase in +z, which leads to a positive correlation. Similarly, when motion in −x direction is introduced, the chain will recoil in the −z direction as the drag decreases, which also leads to a positive correlation. As expected, the larger the shear rate, the greater the correlation. There's only one significant peak in the long time correlation function, shown in the inlet of Fig. 4(a) , which suggests that all correlations are short-lived and not periodic.
Turning attention to the correlation between different chain segments, Fig. 5 shows the CCFs of several beads along the chain at Wi = 2. One striking feature is that for beads sufficiently far from the tether all curves pass the time axis at the same time lag. The fact that all CCFs have the same shape indicates that a common movement pattern exists for the whole chain. The inset in Fig. 5(a) shows the CCFs of the x coordinates of different beads. Although the correlation decays as the distance along the chain increases, it confirms that all beads move in a cooperative manner, indicated by the fact that the peak positions are all at zero time lag. The CCF for the end bead for various chain lengths are compared in . Furthermore, the tumbling time was found to be related to the internal relaxation time of the chain 19, 20 . For tethered chains, we cannot even identify and count a unique event such
as tumbling and thus we cannot extract a repetition frequency for the "cycle".
In Appendix A, we analytically calculate the CCF for a Brownian particle tethered to the origin with a harmonic spring and subjected to shear flow. This simple dimer model qualitatively reproduces the features we see in the CCF for the tethered chains, namely, a single peak at t ∼ τ of width ∼ τ and height ∼ Wi. Better quantitative agreement is obtained when a nonlinear spring and a hard wall surface are also included (without hydrodynamics).
The PSD for the dimer model shows no peaks and there is only a single time-scale in the dynamics, namely, the intrinsic relaxation time τ . Furthermore, the analytical form of the CCF shows that by a slight modification of a tunable parameter one can obtain a CCF fully-consistent with our numerical results for longer chains. This analytical CCF has an analytical PSD that does show a broad peak at small frequencies ντ ∼ 0.1, very similar to the previously reported peaks used to justify the claims to periodicity in the chain motion 14, 15, 18 .
This peak is weak and broad even when plotted on a logarithmic axes and its exact shape and maximum will vary depending on the particular model, variables used in calculating the PSD, Wi, the definition used for calculating τ and Wi, etc. We therefore believe that its interpretation as evidence of periodic motion is not justified.
The calculations in Appendix A for a dimer in shear flow also demonstrate that a qualitatively similar behavior is observed even without hydrodynamic interactions. Our results from Brownian Dynamics simulations in the free-draining limit confirm this and show that the HI do not affect the results significantly, so long as the relaxation time is recalculated when computing Wi. In the tethered case, we believe that the competition between frictional and elastic restoring forcing dominates and the hydrodynamic interactions are a weak perturbation. Therefore, it is not surprising that the proper inclusion of hydrodynamic interactions is not essential for the tethered polymer problem, as reasoned theoretically for a free chain in shear flow in Ref. [20] .
V. CONCLUSIONS
We studied the dynamics of a polymer molecule tethered to a hard wall and subjected to a shear flow. We found consistent results among three methods utilizing different represen- . We believe that this is due to the requirement of very long simulation times to obtain good statistics for the time-correlation functions at long time lags, as necessary to establish periodicity. Not all previous studies have been able to reach sufficiently long simulation times. Another important point we clarified is that maxima in the power-spectral density does not necessarily indicates a periodic motion, which we demonstrate in Appendix A using an analytic dimer model. Namely, an analytical shape is suggested by the dimer calculations that can exhibit peaks very similar to those reported in the literature through small adjustments of a tunable parameter, whose appropriate value likely depends on details of the model used and the exact variables used in the calculations of the power spectrum. In this Appendix we analytically and numerically consider the case of a Brownian particle attached to the origin with a harmonic spring with stiffness k = κζ, where ζ is the friction coefficient, subject to shear flow, v x =γy. If additionally we include a hard wall at y = 0 such that the random walk is restricted to the upper half-space, y > 0, we are essentially considering a tethered polymer chain composed of two beads. Note that this problem is essentially two-dimensional.
The overdamped Langevin equations for the particle coordinates arė
where F denotes the random forcing. After performing a Fourier transform in time, we get the solution in Fourier spacex
from which we can obtain all cross-correlation functions using the identities F x F x = F y F y = α and F x F y = 0. In particular, we obtain the monotonically-decreasing non-normalized PSDS
and, after an inverse Fourier transform, the non-normalized CCF
In the case of no shear flow,γ = 0, we obtain thatC xx (t) = αe = τ /2, and after proper normalization, C xy (t) =C xy (t)/ C xx (t = 0)C yy (t = 0), the height of the peak in the CCF is found to be
This analytically-solvable dimer model, even without a hard wall, reproduces the characteristics of the CCF that we observe for tethered polymer chains in shear flow. Specifically, C xy (t) has an asymmetric peak of width ∼ τ centered at t = τ /2 and height ∼ Wi. There is no periodicity in the motion of the dimer and no "cycling" time-scale other than the intrinsic relaxation time τ .
The dimer problem can no longer be solved analytically if a hard wall is present or if the spring is non-linear (e.g., FENE or worm-like). We can, however, study the dimer with a non-linear spring and/or in the presence of a hard wall numerically using Brownian Dynamics (without hydrodynamics). Some results for Wi = 2 are given in Fig. 7 , where we also show the analytical solution for the harmonic dimer and the results for longer tethered chains. When a hard wall is present, the numerical results show that the position of the peak in the CCF shifts to smaller times and reduces in height. For the non-linear springs, the position of the peak moves to smaller times as Wi increases, exactly as we observe for the tethered chains. The height of the peak is several times larger for a dimer than for a chain with N 1 beads, which is not unexpected.
Even after including non-linearity and the hard wall, the dimer model fails to reproduce the smaller but still substantial negative peak at t < 0 that we observe in the CCFs for the longer tethered chains at small Wi. An analytical calculation for a harmonic chain tethered to a point and subjected to shear flow might reproduce that feature as well. We can mimic such a peak by constructing an artificial CCF,
where 0 < α < 1 controls the depth of the negative peak, and C xy is the analytical CCF for the harmonic dimer . As illustrated in Fig. 7 , such an empirical fit matches the numerical results quite well. The Fourier transform of Eq. (A2) gives an empirical PSD of the form
which for α > 1/3 exhibits a wide maximum at frequencies Ω = 2πτ /T ∼ 0.5, i.e., at a period T ∼ 10τ . As illustrated in Fig. 7 , the maximum in this PSD is very reminiscent of the "peaks" in the PSD observed in Refs. 14, 15, 18 , where they were attributed to the existence of a periodic motion with period of about 10τ . The analytical shape of the PSD only involves τ as a relevant timescale, and the cross-correlation function has an exponential decay at large times ∼ exp(−t/τ ), just like the autocorrelation function for the end-to-end vector used to define relaxation times. Such an exponential decay is inconsistent with periodic motion, but is consistent with some recent theoretical models that suggest similar correlations for a free chain in shear flow 19, 20 . In summary, as seen from this simple analytical example of a dimer 
